Using complementary experiments we show that the room temperature ferromagnetism observed in anatase Co:TiO 2 films is not carrier mediated, but coexists with the dielectric state. TEM and x-ray absorption spectroscopy reveal a solid solution of Co in anatase, where Co is not metallic but in the 2 state substituting for Ti. Measurements at 300 K yield a M S of 1:1 B =Co atom, while all films are highly insulating. The evidence of intrinsic ferromagnetism in the dielectric ground state of Co:TiO 2 leads to new considerations for the origin of ferromagnetism in transition metal doped oxides. DOI: 10.1103/PhysRevLett.94.157204 PACS numbers: 75.70.-i, 85.75.-d Since the discovery of room temperature ferromagnetism in Co doped anatase TiO 2 [1], there has been much focus on the Co:TiO 2 system [2 -6] as a potential dilute magnetic semiconductor (DMS) to provide efficient injection of spin-polarized carriers for semiconductor spinelectronic devices. Some reports thus far on both anatase and rutile Co:TiO 2 have shown nonuniformity in films due to Co metal clustering [3] [4] [5] [6] , indicating that the film growth and post-growth processing play a crucial role in the electronic state and distribution of the Co ions in the material. Co:TiO 2 systems that have confirmed the absence of Co metal clusters show that anatase Co:TiO 2 exhibits ferromagnetic behavior above room temperature with n-type semiconducting properties [1, 2, 5, 7] . Although a correlation of ferromagnetism with conduction is observed in these materials, the origin of ferromagnetism, its relation to the presence of free carriers, and, most importantly, whether the carriers are spin-polarized in these oxide compounds are still under much debate [8] . The most studied DMS systems are characterized by sp-d exchange between the s, p free carriers, and the d states of the transition metal dopant [9] . Because of these interactions, the carriers are spin-polarized and able to mediate ferromagnetic ordering of the magnetic moments of transition metal ions doped into the semiconductor lattice [10] . This results in correlation of ferromagnetism with carrier concentration and provides conditions for using the material as an effective spin injector [11] In this Letter we experimentally investigate the mechanism of ferromagnetism in Co:TiO 2 and come to the conclusion that the presence of free carriers is not required for this material to be ferromagnetic. It can thus be referred to as a ''dilute magnetic dielectric'' rather than DMS, in the sense of the criteria outlined above. In previous studies, anatase Co:TiO 2 films grown by pulsed laser deposition [1] had moments of 0:3 B =Co atom at a carrier concentration of 10 18 =cm 3 , while films grown by oxygen plasma assisted molecular beam epitaxy (OPAMBE) in an oxygen-poor atmosphere [2, 20] had moments of 1:26 B =Co atom at carrier concentrations of 10 19 -10 20 =cm 3 . For insulating films grown by OPAMBE in an oxygen-rich atmosphere the spontaneous magnetization was reduced significantly [5, 20] . We demonstrate that uniform films of anatase Co:TiO 2 can be both intrinsically ferromagnetic and highly insulating at room temperature. We suggest that previous results [1, 2, 5, 20] correlating ferromagnetism to the carrier concentration may in fact be by-products of the creation of carriers with unbound oxygen vacancy (V O ) doping, and not directly related to the mechanism of ferromagnetism.
Since the discovery of room temperature ferromagnetism in Co doped anatase TiO 2 [1] , there has been much focus on the Co:TiO 2 system [2 -6] as a potential dilute magnetic semiconductor (DMS) to provide efficient injection of spin-polarized carriers for semiconductor spinelectronic devices. Some reports thus far on both anatase and rutile Co:TiO 2 have shown nonuniformity in films due to Co metal clustering [3] [4] [5] [6] , indicating that the film growth and post-growth processing play a crucial role in the electronic state and distribution of the Co ions in the material. Co:TiO 2 systems that have confirmed the absence of Co metal clusters show that anatase Co:TiO 2 exhibits ferromagnetic behavior above room temperature with n-type semiconducting properties [1, 2, 5, 7] . Although a correlation of ferromagnetism with conduction is observed in these materials, the origin of ferromagnetism, its relation to the presence of free carriers, and, most importantly, whether the carriers are spin-polarized in these oxide compounds are still under much debate [8] . The most studied DMS systems are characterized by sp-d exchange between the s, p free carriers, and the d states of the transition metal dopant [9] . Because of these interactions, the carriers are spin-polarized and able to mediate ferromagnetic ordering of the magnetic moments of transition metal ions doped into the semiconductor lattice [10] . This results in correlation of ferromagnetism with carrier concentration and provides conditions for using the material as an effective spin injector [11] . Based on this criterion, only a few materials such as the p-type compounds Mn:GaAs, Mn:InAs, and Cr:ZnTe [10 -12] have been reliably proven to be true DMS. The d-d double exchange due to hopping between transition metal d states (which has been well developed for mixed-valence manganites [13] ) is another mechanism which can result in the DMS state, Mn:CuO being one possible example [14] . Unfortunately, all these DMS's have relatively low Curie temperatures (T C ), reducing their practical usefulness. Anatase Co:TiO 2 is one of the most prominent of the class of wide band gap semiconductor materials (which also includes ZnO [15] , GaN [16] , GaP [17] , AlN [18] , and SnO 2 [19] ), that when doped with transition metal ions, remain ferromagnetic above room temperature. It is hence of vital importance to clarify the correlation (if any) between carriers and the mechanism of ferromagnetism inherent to this structure.
In this Letter we experimentally investigate the mechanism of ferromagnetism in Co:TiO 2 and come to the conclusion that the presence of free carriers is not required for this material to be ferromagnetic. It can thus be referred to as a ''dilute magnetic dielectric'' rather than DMS, in the sense of the criteria outlined above. In previous studies, anatase Co:TiO 2 films grown by pulsed laser deposition [1] had moments of 0:3 B =Co atom at a carrier concentration of 10 18 =cm 3 , while films grown by oxygen plasma assisted molecular beam epitaxy (OPAMBE) in an oxygen-poor atmosphere [2, 20] [5, 20] . We demonstrate that uniform films of anatase Co:TiO 2 can be both intrinsically ferromagnetic and highly insulating at room temperature. We suggest that previous results [1, 2, 5, 20] correlating ferromagnetism to the carrier concentration may in fact be by-products of the creation of carriers with unbound oxygen vacancy (V O ) doping, and not directly related to the mechanism of ferromagnetism.
A series of anatase Co:TiO 2 films were grown by rf magnetron sputter deposition from a ceramic oxide Co x Ti 1ÿx O 2 target. The base pressure of the sputter deposition chamber was 5 10 ÿ7 torr, and the films, 85 nm thick, were grown in a pure Ar atmosphere at 4 10 ÿ3 torr at a deposition rate of 0:01 nm=s on matching (100) LaAlO 3 (LAO) substrates. The substrate temperature (T sub ) during deposition was 550 C. After growth, the films were annealed for 1 h at 450 C in ultrahigh vacuum (UHV). Structural and magnetic measurements were made on films both before and after annealing. The film structure and crystalline quality were characterized by x-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) imaging, and selected area diffraction. Energy-dispersive x-ray spectroscopy (EDXS) data using a focused electron probe at a number of locations throughout the specimen and spectrum imaging (320 data points over a sampling area of 80 100 nm) using the Co-L 3;2 and Ti-L 3;2 edges in electron energy-loss spectroscopy, both using cross-section TEM samples, were used for detailed compositional analysis. This was complemented by Rutherford backscattering spectroscopy (RBS) for bulk analysis. Near edge x-ray absorption fine structure (NEXAFS) at the Co K edge was measured on both annealed and as-deposited Co:TiO 2 films to determine the oxidation state of the Co dopant in the anatase lattice. The incident x-ray beam was at an angle of 1 to the sample surface which provided an attenuation length of 300 nm, allowing for the entire film thickness (85 nm) to be sampled. The incident beam area on the sample surface was 5 mm by 1 mm, and the sample was rotated about the surface normal during the measurement to maximize the film volume probed. The energy calibration was monitored using a simultaneous measurement of a Co metal foil. The first peak in the derivative was taken as 7708.8 eV [21] . Magnetization (M) versus applied magnetic field (H) both at 5 and 300 K and the thermoremanent magnetization (TRM) from 5 to 365 K were measured using a Quantum Design superconducting quantum interference device (SQUID) magnetometer. Resistance of the dielectric films was measured with an electrometer and the SQUID.
The close lattice match of anatase to the LAO substrate (ÿ 0:26%) results in epitaxial growth of anatase (004), as seen by XRD measurements (Fig. 1) for as-deposited films. A comparison of the full width at half maximum (FWHM) values of XRD peak intensities of annealed and asdeposited films show an improvement in crystallinity with annealing by a 0:20 decrease in the FWHM value (inset of Fig. 1 ). Also visible in the inset is the shift in the (004) peak to a higher angle with annealing, indicative of a relaxation of the lattice along the c axis. All films were single phase with no evidence of secondary phases within the sensitivity of high-angle x-ray scattering measurements.
HRTEM imaging (Fig. 2 ) of cross-sectional specimens and low magnification images [inset (a) of Fig. 2 ] of both as-deposited and annealed films demonstrate the high quality anatase crystal structure. The inset (b) of Fig. 2 is a selected area diffraction pattern revealing single crystal (004) anatase epitaxially grown onto the LAO substrate. EDXS data taken at a number of locations throughout the specimens reveal a solid solution of Co dissolved in anatase, with Co concentrations ranging from 2-7 at:% incorporated into the lattice. Analysis of the energy filtered images using hydrogenic cross sections also shows a uniform distribution of cobalt with an average concentration of 2.8% Co in the anatase lattice [22] . RBS measurements confirm that the bulk Co composition as a function of film depth is uniform with an average of 2 at:% [23]. Moreover, there was no evidence for the presence of Co metal or Co-rich (above 7 at.%) anatase clusters within the films in any of these detailed TEM measurements.
NEXAFS at the Co K edge were measured on annealed and as-deposited Co:TiO 2 films to determine the oxidation state and local geometry of the Co dopant in the lattice. Asdeposited and annealed films exhibited nearly identical NEXAFS spectra; for clarity, Fig. 3 shows only the annealed sample spectrum compared to the following reference samples: 
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157204-2 absorption in the NEXAFS spectra of the Co:TiO 2 films are a close match to CoTiO 3 and CoO, where Co has been interpreted to be in the 2 oxidation state. On the other hand, the absorption edge of Co metal is a poor match to the Co:TiO 2 films due to the much lower threshold energy corresponding to the Co(0) state. The closer match of NEXAFS spectrum of the sputtered Co:TiO 2 film to CoTiO 3 than to CoO is indicative of the distorted octahedral coordination of the Co atom in the lattice (i.e., Ti site in anatase), whereas in CoO the Co site has an undistorted octahedral configuration. From this comparison of Co K edge spectra it can be concluded that there is no evidence of Co metal throughout the film and Co 2 substitutes for Ti 4 in the lattice. As demonstrated in Fig. 3 , the Co K edge spectra are very sensitive to the local Co environment, and Co, if present in metallic form in amounts as low as 10% of the total Co, would be detectable [24] . If ferromagnetic Co metal clusters ( > 10 nm) were present, a comparison of the measured moments of 1:1 B =Co atom with that of Co metal (1:7 B =atom) indicates that 65% of the total Co atoms in the film would need to be Co metal to obtain the measured magnetic moments, and such a high percent of Co metal would be detectable by NEXAFS.
Magnetic hysteresis loops (M versus H) at 300 K of asdeposited and annealed Co:TiO 2 films in Fig. 4 show the increase in spontaneous magnetization, M S , from 0.24 to 1:17 B =Co atom with annealing. The TRM measurements (inset of Fig. 4) were measured in zero applied field after the sample was saturated, and the remanent magnetization, M R , as a function of increasing temperature is measured [25] . The TRM results from 5 to 365 K demonstrate the enhancement of M R from 0.07 to 0:34 B =Co atom with annealing. Coercivity, H C , also increases with annealing, from 100 to 300 Oe. If all 2 at:% of the Co ions contribute to the measured moment, the M S values of 1:17 B =Co atom for the annealed films suggest that upon incorporation into the anatase lattice, Co 2 is in the low spin configuration.
The XRD experimental results suggest that the improved crystallinity of the films after UHV annealing would be the primary factor for the enhanced ferromagnetism. However, the 450 C annealing process in UHV also provides thermal energy for the creation and diffusion of V O 's through the lattice. Despite the additional V O formation during the UHV 450 C anneal, all samples are highly insulating and have sheet resistances 10 11 =square (where this number is limited by conductance of the substrate). Thus resistivity is at least greater than 10 6 cm for all samples. We therefore attribute the enhanced ferromagnetism to both the increase in crystallinity and the creation/diffusion of defects through the lattice with the annealing process. Positively charged V O 's are necessary to maintain charge neutrality as Co 2 substitutes for Ti 4 , and Coulombic attraction makes it energetically favorable for a V O to be located in close proximity to a Co Ti 2 site. The highly nonequilibrium process of sputter deposition makes it probable that the V O 's in the as-deposited films are positioned throughout the lattice at arbitrary distances with respect to Co sites, and their number is dependent on the deposition conditions. With the creation of additional V O 's and their subsequent diffusion to Co Ti sites by annealing in UHV at 450 C, the number of Co annealing, and unlike unbound vacancies [1, 2] , the Co Ti 2 -V O complexes do not provide free carriers. Models of ferromagnetism in a true DMS such as Mn:GaAs rely either on the RKKY-type indirect exchange interactions [10] based on sp-d exchange between transition metal states and free carriers, or the percolation of bound magnetic polarons (BMPs) just below and at the metal-insulator transition [26] . The carrier mediated RKKY-type model does not seem applicable to our highly dielectric Co:TiO 2 films where the V O 's are localized to defect sites, and there are presumably no carriers in the valence or conduction bands. Coey et al. [27] have proposed a model of indirect exchange for dilute ferromagnetic oxides where shallow donor electrons form BMPs that create a spin-split impurity band. Another mechanism to consider is that of d-d double exchange mediated by tunneling of the d electrons within the impurity band [28] . In band structure calculations for anatase Co:TiO 2 [29] , the substitutional Co impurities give narrow bands in the forbidden gap, split due to the crystal field into t 2g and e g states. These states are further exchange split, providing conditions for double exchange analogous to doped manganites [13] . When there are V O 's in the system adjacent to the Co ions, the t 2g bands split further and the Fermi level appears in the gap, resulting in a dielectric ground state. As seen in our experiment, this state is ferromagnetic. Further theoretical study of anatase Co:TiO 2 must take into account the observation that free charge carriers are not required for magnetic ordering.
In conclusion, we have provided experimental evidence for intrinsic room temperature ferromagnetism in insulating Co doped anatase TiO 2 . Highly crystalline, epitaxial anatase Co:TiO 2 films were grown by sputter deposition with incorporation of 2 at.% Co into the TiO 2 lattice as Co 2 . The combination of film growth by sputter deposition and UHV annealing at 450 C prove to be key in avoiding phase segregation and enhancing the ferromagnetic properties of Co:TiO 2 , which coexist with the dielectric state.
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